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We isolated a K17q8 mutant from K17 mutant cells of Bacillus stearothermophilus which
contain SoxB-type cytochrome bo, as well as cytochrome &d but not SoxM-type cyto-
chrome caa;, which is the main terminal oxidase in B. stearothermophilus K1041. The
respiration of K17g8 was highly sensitive to as little as 10 pM cyanide, indicating that
the main terminal oxidase is cytochrome bo,;. The aerobic growth yield of K17q8 was
lower than that of wild-type K1041, but higher than that of parental K17. The H*/O ratio
of K17q8 was about 5, i.e. a little lower than the 6.1-6.5 of K1041, but higher than the 2.9-
3.1 of K17 [Sone et al (1999) J. Biosci. Bioeng. 87, 495-499]. Analyses of membrane frag-
ments indicated that K17q8 contains about 0.2 nmol cytochrome bo; per mg membrane
protein, and scarcely any subunits of cytochromes caa, and bd. From the membrane
fraction of K17q8, cytochrome bo, was purified and shown to be composed of two sub-
units with apparent molecular masses of 56 and 19 kDa. The enzyme contained proto-
heme IX and heme O, as the main low-spin heme and high-spin heme. Analysis of the
substrate specificity indicated that the high-affinity site is very specific to cytochrome c-
551, a cytochrome ¢ which is a membrane-bound lipoprotein of thermophilic Bacillus.
The I, of purified cytochrome bo, was determined to be 4 pM, indicating that cyto-
chrome bo, among the three terminal oxidases in B. stearothermophilus was most sus-
ceptible to cyanide. The respiration of K17q8 was mostly inhibited by the addition of
cyanide at this concentration.
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SoxB-type heme-copper oxidase.

Most of the terminal oxidases in the respiratory chains
belong to the heme-copper oxidase family (1, 2), which can
be classified into three subfamilies, i.e. the SoxM-, SoxB-,
and FixN-types, based on the structures of their subunits I
and IT (2, 3). The majority of oxidases including mitochon-
drial ones are of the SoxM-type, and their subunit IT con-
tains two transmembrane helices. SoxB-type oxidases,
which have a single transmembrane helix in their subunit
I, have been cloned from archaebacteria (4, 5), Thermus
thermophilus (6), and Bacillus stearothermophilus (7).
FixN-type oxidases are cytochromes cbb,, which do not con-
tain any proteins similar to subunit II of the other oxidase
types (2, 3).
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The main terminal oxidase of thermophilic Gram-posi-
tive bacilli such as Bacillus PS3 and B. stearothermophilus
is a SoxM-type cytochrome caa,, at least under highly-aer-
ated conditions (8), which has a built-in cytochrome ¢ moi-
ety fused to subunit II (9, 10). We recently obtained a B.
stearothermophilus mutant devoid of caa,-type oxidase (11).
This mutant, K17, shows very low TMPD oxidase activity
and a very low heme A content, but still actively respires
through two alternative oxidases; cytochrome bd-type
quinol oxidase, composed of two subunits of 52 and 40 kDa
(11, 12), and b(o/a);-type cytochrome c¢ oxidase, composed
of 56- and 19-kDa subunits (13). The former enzyme, play-
ing a role as the major terminal oxidase in K17 (11, 12), is
homaologous to cytochrome bd from proteobacteria (14, 15).
The latter enzyme, operating as the minor oxidase in K17,
was purified and shown to specifically oxidize cytochrome c-
551 (16, 17) of this bacterium (12). Sequencing of the gene
for this enzyme (7) revealed that it is a homologue of SoxB-
type T. thermophilus cytochrome ba, (6). SoxB-type oxi-
dases are different from usual SoxM-type cytochrome c oxi-
dases in the lack of the so-called D channel structure for H*
translocation in subunit I, while amino acid residues for
metal binding as chromophores are the same as in SoxM-
type enzymes (7, see also Ref 18 for a review). Recently, T
thermophilus ba,-type oxidase was shown to oxidize cyto-
chrome ¢-552 (19, 20) of this bacterium with concomitant
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H* translocation, although the efficiency of H* pumping
was lower than that of SoxM-type enzymes (21). Since it
was rather difficult to obtain b(o/a),-type oxidase from
either the wild-type B. stearothermophilus or K17 mutant
cells, because of its low content, we tried to obtain a mutant
in which this enzyme operates as the major terminal oxi-
dase. The K17¢8 strain, derived from K17, was inhibited by
a very low concentration of cyanide, suggesting that SoxB-
type cytochrome b(o/a), is the main terminal oxidase able
to change the energy-yielding properties of cells.

Here we report the cytochrome patterns, and electron-
transferring and energy-yielding properties of this K17q8
mutant in comparison with those of the parental strains. In
K17q8 cells, NADH seems to be oxidized through NADH
dehydrogenase, menaquinol, the cytochrome b, complex,
cytochrome c-551, and b(o/a),-type cytochrome ¢ oxidase.

MATERJALS AND METHODS

Materials—MEGA 9 and MEGA 10 were purchased from
Dojin (Kumamoto). DEAE-Toyopearl anion exchange gel
and hydroxyapatite were obtained from Tosoh (Tokyo) and
Bio-Rad (Hercules), respectively. The proteins used as mole-
cular mass standards and cytochromes ¢ of yeast and
bovine heart were purchased from Sigma Chemicals (St.
Louis). Cytochrome c¢-551 of Bacillus PS3 was overex-
pressed in B. stearothemophilus K1041 and prepared as
described previously (22). TMPD, rotenone, abietic acid and
HOQNO were purchased from Wako Pure Chemicals
(Osaka). Lysozyme, p-benzoquinone, and DNase were pur-
chased from Seikagaku Kogyo (Tokyo), Sigma Chemicals
(St. Louis), and Boehringer (Mannheim), respectively.
Other reagents were of analytical grade.

Strains and Culturing of the Cells—A B. stearothermo-
philus mutant, strain K17g8, was isolated by mutation and
selection from K17 (11) as follows: The K17 strain was
firstly treated with 0.1 mg/ml of NTG for 20 min at 10°C.
After washing three times with the culture medium, the
cells were grown in the medium containing 0.02% p-benzo-
quinone for 12 h. An 10 pl aliquot of the culture medium
was spread on a plate after dilution. Ten colonies out of
about 200 colonies were cultured in test tubes, the oxygen
uptake and cyanide-sensitivity being monitored. Although
the respiration of most of these cells was more or less inhib-
ited by 0.01 mM NaCN, a strain showing 80% inhibition
was selected and named K17¢8. These mutant strains and
the wild-type strain K1041 (21) were cultured at 60°C in
the medium containing 0.8% polypeptone, 0.1% yeast
extract, 0.3% NaCl, and 0.1% dipotassium phosphate, with
the pH adjusted to 7.0-7.2. The preculture was carried out
overnight in a test tube, and the bacteria were grown in a
baffled flask (1 liter) containing 200-ml medium shaken
rather vigorously (180 times/min) after inoculation (1%).
The ab-sorbance was monitored at 650 nm after 10-times
dilution to follow the growth of the cells. Harvesting, wash-
ing and preparation of the membrane fragments were car-
ried out as described previously (23).

Purification of Cytochrome bo,—Cytochrome bo, was pre-
pared from K178 cells as described previously for purifica-
tion of the enzyme from K17 (13).

Measurement of Oxidase Activity and Optical Spectra—
The respiration of cells and oxygen uptake by membranes
were measured using a Clark-type oxygen electrode in a
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reaction medium (2.4 ml) composed of 100 mM NaCl, 1 mM
EDTA, and 50 mM sodium phosphate buffer, pH 6.0, at
45°C (13). The cytochrome ¢ oxidase activity of the purified
enzyme was continuously monitored with a pH electrode
(Beckman No. 39030) as described elsewhere (10). The
standard reaction medium contained 15 nM b(o/a)s-type
oxidase, 0.4 pM cytochrome ¢-551, 125 pM TMPD, 5 mM
Na- ascorbate, 1 mM MgSO,, 150 mM KCl, and 1 mM Na-
P, buffer, pH 6.7. The reaction was initiated by adding cyto-
chrome ¢-551 of Bacillus PS3 to 2.5 ml of the reaction mix-
ture containing the other constituents at 40°C with stir-
ring. The turnover number was expressed as e /enzyme/s.

Absorption spectra were obtained with a Beckman DU-
70 spectrophotometer. The spectra of air-oxidized forms
were taken and then a few grains of solid sodium dithionite
were added to obtain the reduced forms. The contents of
cytochromes aa, and ¢-551 were determined from the re-
duced minus oxidized difference spectra using millimolar
extinction coefficient differences of 21.3 at 604—630 nm (7),
and 24.3 at 551 nm (16), respectively. The contents of cyto-
chromes bo, and bd were determined from the CO-reduced
minus reduced difference spectra using millimolar extinc-
tion coefficient differences of 206 at 416-430 nm (Mogi,
unpublished result for E. coli bo,), and 23.5 at 625-650 nm
(13), respectively.

Other Analyses—For measurement of the H*/O ratio, the
pH change induced by an oxygen pulse with resting cells
under anaerobic conditions was measured as described pre-
viously (23). The solubility of O, in 0.14 M KCI was esti-
mated to be 0.36 pg-atom O/ml at 45°C. Protein determi-
nation and SDS-PAGE were carried out as previously (12),
and the gel was stained for protein and heme (27).

RESULTS

Isolation of a B. stearothermophilus Mutant Using SoxB-
Type Cytochrome bo,—In order to select a mutant having
SoxB-type cytochrome b(o/a),; as the main terminal oxi-
dase, we used the K17 mutant of B. stearothermophilus as
the parental strain. K17 cells only oxidize TMPD very
slowly, since quinol-oxidizing cytochrome bd shows very low
TMPD oxidase activity (11, 23) and the content of cyto-
chrome ¢/TMPD-oxidizing cytochrome b(o/a), is low. We
tried to isolate a mutant strain by treating K17 cells with
NTG and selecting a colony which turned purple upon
TMPD addition. Such a mutant dominantly expressed
should oxidize TMPD rather rapidly. However, we could not
find such colonies, probably because the TMPD-oxidizing
activity of cytochrome b(o/a), is not sufficient in compari-
son to the activity needed to reduce it, even if the amount
of cytochrome b(o/a), in the mutant is increased several-
fold. Then we tried to isolate a strain that grows aerobically
even in the presence of p-benzoquinone, which inhibits
quinol oxidases such as E. coli cytochrome bo (24) and B.
stearothermophilus cytochrome bd (12). The parental K17
strain was able to grow in the presence of 0.01% p-benzo-
quinone, but not in the presence of 0.02% or higher. NTG-
treated K17 cells were cultured in the liquid medium con-
taining 0.02% p-benzoquinone, and a part of the liquid
medium was poured onto a plate to isolate colonies. One
colony whose endogenous respiration was inhibited to 20%
on the addition of 0.01 mM NaCN was chosen as a candi-
date mutant having cytochrome b(o/a)y as the main termi-
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nal oxidase, and named K17q8. Cytochrome b(o/aj), was
shown to be inhibited by cyanide at as low a concentration
as 0.01 mM (13, 23).

Growth Curve and H*/Q Ratio of the Mutant—Figure 1
shows the growth curve of K17q8 in comparison with those
of the parental strains, K1041 and K17. The cell yield of
K17q8 at the stationary phase was greater than that of
K17, and smaller than that of K1041. The doubling time of
the new mutant was almost the same as that of the wild
type under the culture conditions used.

In order to determine the energetic basis for the differ-
ence in the growth yield, we measured the H*/O ratio by
the oxygen pulse method and evaluated the efficiency of the
respiratory chain (8, 26). Figure 2 shows typical pH change
results upon oxygen pulse with resting K17g8 cells in the
presence of the permeant anion SCN- and valinomycin plus
K*. The observed H*/O ratio was 4.9 (mean of 5 experi-
ments), which is lower than that of the wild-type cells, 6.4,
but higher than that of the K17 mutant cells, 3.1 (23). In
the presence of TMPD, the apparent H*/O ratio was 2.1,
indicating that the net H*/O ratio was 1.1, which is almost
half of that of SoxM-type enzymes.

Effects of Cyanide and HOQNO on the Oxidase Activity—
Figure 3 shows the effects of the cyanide concentration on
the respiration of K17q8 and wild-type cells. The endoge-
nous respiration of the wild type cells was inhibited bipha-
sically, as observed previously (23), indicating that an alter-
native quinol oxidase with low cyanide-sensitivity, probably
cytochrome bd, operates when caa,-type cytochrome ¢ oxi-
dase is inhibited. On the other hand, 70% of the endoge-
nous respiration of K17q8 was inhibited on the addition of
cyanide at a very low concentration, i.e. below 0.01 mM (/,
= 4 pM). Partial inhibition by cyanide in this range was ob-
served in K17 cells, but it was less than 15% (23). It is thus
likely that b(o/a),-type oxidase operates in K17¢8 as the
main terminal oxidase, whereas this enzyme acts as an
auxiliary oxidase besides the main bd-type quinol oxidase
in K17.
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Fig. 1. Growth curves of B. stearothermophilus and its mu-
tant strains. The growth conditions are given under “MATERIALS
AND METHODS” o, K1041 (wild-type); o, K-17; e, K17q8. Cell
yields are expressed in dry weight for a 100 ml-scale culture in a
500 ml baffled flask.
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HOQNO is a wide-range inhibitor of bacterial quinol-
cytochrome ¢ reductase (25, 27), while antimycin A inhibits
the mitochondrial/purple bacterial quinol-cytochrome ¢
reductase (the bc, complex) potently (28). Figure 4 shows
the inhibition by HOQNO of NADH oxidation by K17g8
membranes in comparison with in the cases of the wild-
type K1041 and K17 membranes. The oxidation by K17q8
was largely inhibited by a low concentration of HOQNO,
like the oxidation by K1041 was, while the oxidation by
K17 was inhibited only slightly. Since the I, value of
HOQNO of the purified quinol-cytochrome ¢ reductase of B.
stearothermophilus is about 1 uM (27), NADH oxidation by

A (endogenous)

4.8 T .
20 nmol H*

7.6 nmol O,

B (ascorbate/T™pD)
21-1=11

. 10
3.8 nmol O, 1 min

—

Fig. 2. pH changes upon oxygen pulse of anaerobic cell sus-
pensions of resting K17g8 cells. Cells (3.7 mg dry wt.) were incu-
bated at 45°C in 3.2 ml of 140 mM KCl containing 50 mM KSCN
and 0.25 mM K-Mops (pH 6.3-6.5). After anaerobiosis, 0.5 ug valino-
mycin was added, and after about 5 min the reaction was started by
adding air-saturated 0.14 M KCl (20 pl containing 7.6 ng-atomic O).
The buffer action of the medium was determined by titration with a
2 pl aliquot of 10 mM HCI, as indicated by bars. A, endogenous res-
piration; B, TMPD oxidation in the presence of 10 pM HOQNO, 0.1
mM TMPD, and 5 mM ascorbate.

—L

-
o

Oxygen uptake {ng-atem/min/mg)

—k

7 "
0.001

o

0.01 01 1

NaCN Concentration (miM)
Fig. 3. Titration with NaCN on endogenous respiration. Oxy-
gen uptake was monitored polarographically as described under
“MATERIALS AND METHODS.” The rate of oxygen uptake was
measured at 5 min after the addition of NaCN to give the indicated
concentration. 0, K178 cells (1.50 mg dry wt.); e, K1041 (wild-type)
cells (1.26 mg dry wt.).
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K17¢8 is suggested to occur via quinol-cytochrome ¢ reduc-
tase. Taken together, it is concluded that electron flows via
NADH dehydrogenase, menaquinone, quinol-cytochrome c
reductase, cytochrome ¢-551, and cytochrome bo, in K178
membranes. The small difference in the degree of inhibition
by K17q8 and K1041 is probably due to the different
degrees oxidation through unidentified route(s) other than
quinol-cytochrome ¢ reductase. Since the percentage inhibi-
tion by 10 uM HOQNO of K17q8 was lower than that in
the case of K1041, a portion of the oxidation by K17q8 may
occur without the use of quinol-cytochrome ¢ reductase. On
the contrary, the respiration of K17 was scarcely inhibited
by a low concentration (3 pM) of HOQNO, and the weak
inhibitory effect may have been caused by the HOQNO
inhibition of the bd-type quinol oxidase, since the I, of E.
coli cytochrome bd was reported to be 7 uM (25). A differ-
ent inhibition pattern of K178 from that of K17 was also
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Fig. 4. Titration with HOQNO on NADH oxidation of mem-
branes from three different straing. Oxygen uptake was moni-
tored polarographically as described under “MATERIALS AND
METHODS.” The reaction was started by the addition of NADH (fi-
nal concentration, 0.4 mM). The rate of oxygen uptake was mea-
sured 5 min after the addition of HOQNO at the indicated concen-
tration. 0, K1041 membrane (0.19 mg protein); 0, K17 membrane
(0.49 mg protein); o, K17g8 membrane (0.17 mg protein).
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Fig. 5. Redox difference spectra of membranes from the mu-
tant strains of B. stearothermophilus. Na,S,0,-reduced minus
oxidized (as prepared). A, solubilized membranes from K17 (7.2 mg/
ml); B, those from K17q8 (7.3 mg/ml); C, the purified cytochrome bo,
from K17q8 (3.1 pM).
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observable with p-benzoquinone. This inhibitor at a very
low concentration inhibited the endogenous respiration of
K17, since the bd-type quinol oxidase was very susceptible
to this inhibitor (23), while K17q8 respiration was rather
registant (not shown).

Constituents of the Respiratory Chain of K17¢q8—The
redox difference spectrum of the K17q8 membranes (Fig.
5B) showed the alpha peak at 560 nm like that of the mem-
branes from K17 (Fig. 5A). The small difference in the
shape of the 550-560 nm region may be partly caused by
the amounts of some c-type cytochromes such as cyto-
chrome ¢-551 (16) and cytochrome b, of quinol-cytochrome
¢ reductase (27), as well as the amount of cytochrome bo,,
whose spectrum is shown in Fig. 5C. The K17q8 membrane
contains more cytochrome bo, than the K17 membrane
does.

The difference absorption spectrum of CO-reduced minus
reduced forms of the solubilized membranes from K17q8
(Fig. 6B) shows peaks at 572, 537, and 415 nm, and
troughs at 563 and 432 nm, indicating that CO binds to
heme O. There was no indication of the presence of another
heme such as hemes A and D other than heme O at the
high-spin heme site of the binuclear center, suggesting that
cytochrome bo, is the solo terminal oxidase. We previously
found heterogeneity of high-spin heme in cytochrome b(o/
a), isolated from K17 (13). The air-limited conditions of the
present culture may prevent ctaA (heme O oxygenase/oxi-
dase) from producing heme A, since similar conversion of
the high spin heme of the binuclear center from heme A to
heme O takes place in cytochrome caa; of thermophilic

415
A (K17)

AAbsorbance

Wavelength (nm)
Fig. 6. CO-difference spectra of solubilized membranes from
the mutant strains of B. stearothermophilus and the purified
cytochrome. A, solubilized membranes from K17 (7.2 mg/ml); B,
those from K17q8 (7.3 mg/ml).

TABLE I. Oxidase activities and terminal oxidase contents
of B. stearothermophilus and its mutants.

Oxidase activity Terminal oxidase
Strain (ng atom/mg/min) (nmol/mg)
NADH TMPD cyt.ag, cyt.bd cyt. bo,
K1041, wild 539 353 0.21 0.02 nd
K17 585 34 n.d 012 <0.08
K17q¢8 545 128 n.d nd 0.18

n.d, not detectable.
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Bacillus PS3 (29). We call the present SoxB-type cyto-
chrome ¢-551 oxidase cytochrome bo,. The spectrum of K17
(Fig. 6A) shows an apparent peak at 620-625 nm, indicat-
ing the presence of cytochrome bd.

Table I summarizes the oxidase activities and cyto-
chrome contents reacting with O, of membrane fractions
from the three different strains. Each preparation showed
high NADH oxidase activity, respectively, while their
TMPD oxidase activities were different. The membranes
from K1041 showed the highest activity, the K17 mem-
branes the lowest, and the K17¢8 membranes an interme-
diate value. These differences should be caused by the
different abilities of the three terminal oxidases present in
the strains. Cytochrome caay was observed in K1041, not
observed in K17, and very low, if any, in K17q8. As to
TMPD oxidase activity, cytochromes caa, and bo, in the
purified form show high TMPD oxidase activity, while
quinol-oxidizing cytochrome bd almost does not oxidize
TMPD at all (11, 12).

Figure 7 shows an electrophoregram of the membrane
fragments of K17g8 in comparison with in the cases of
K1041 and K17. A band at 42 kDa, invisible for the K17
(lane 2) and K1041 membranes (lane 3), was observed for
the K17q8 membranes (lane 1), although the presence of
another band at a little lower position makes the fact
unclear in lane 3. Subunit I of the purified cytochrome bo,
(lane 4) appeared at the same position. Detection of subunit
I of cytochromes caa, (38 kDa) and cytochrome ¢, (29 kDa),
and cytochrome b subunits (21 kDa) of the b, complex is
possible by heme-staining (7, 27), and these bands were
successfully detected for K1041 membranes (lane 7). Sub-
unit I of SoxM-type oxidase was hardly detectable in the
K17g8 (lane 5) and K17 (lane 6) membranes. On the other
hand, cytochrome ¢, (29 kDa) and its proteolytic product
(having heme C, around 23 kDa) were more or less present
in all membranes, while cytochrome b (21 kDa) was clearly
observed in lanes 5 and 7, but not in lane 6 for K17 mem-
branes.

Purification of Cytochrome bo, and Its Properties—In
order to confirm the presence of cytochrome bo,, we purified
cytochrome bo, from K178, according to the previously
described method for purification from K17 (13). After the
purification on DEAE-Toyopear]l and hydroxyapatite col-
umns, the sample was almost pure, as judged on SDS-
PAGE (lane 4 in Fig. 7), although the band due to subunit
II was obscure. It has been reported that this protein was

2+2H* 2~3H*
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not stained well by Coomassie Brilliant Blue (1.3). About 50
nmol cytochrome bo, was isolated from 5 g wet cells (2 liter-
scale culture). The redox difference spectrum was very sim-
ilar to that of the enzyme from K17 (12). The CO difference
spectrum of the purified enzyme from K17q8 (not shown)
was very similar to that shown in Fig. 6B, indicating that
cytochrome bo, is the sole CO-binding cytochrome pigment
and heme A is scarcely present.

We previously reported that cytochrome ¢-551, at a very
low concentration, highly activates the TMPD oxidase ac-
tivity of cytochrome bo, purified from K17, especially under
high ionic strength conditions (13). This activation followed
Michaelis-Menten kinetics with a K of as low as 0.13 pM
for cytochrome ¢-551, indicating that the high affinity site
of cytochrome bo, was specifically occupied by ¢-551. The
present cytochrome bo, purified from K178 cells oxidized
TMPD at a high turnover rate (V_,, = 130 s™!) in the pres-
ence of cytochrome c¢-551 occupying the high affinity site
(K, = 0.12 uM). Among the three terminal oxidases in B.
stearothermophilus, cytochrome bo, was the most suscepti-
ble to cyanide. The I, of the purified cytochrome bo, was

Protein Heme
1 2 3 4 5 6 7

66 kDa __ .
| of boy— ==
ok T w -38kDa
24 kDa - = —29kDa
= -21kDa
14 kDa -

-

e e o W

Fig. 7. SDS-PAGE patterns of different membranes and puri-
fied cytochrome bo, from K17q8 membranes. The acrylamide
gel concentration was 13.56%, and Coomassie brilliant blue was used
for protein staining. About 40 pg of each membrane fraction was
used for the electrophoresis. Lanes 1 and 5: K17q8 membranes.
Lanes 2 and 6: K17 membranes. Lanes 3 and 7: K1041 membranes.
Lane 4: the purified bo,-type oxidase (1.2 pg). Lanes 5, 6, and 7 were
the same as lanes 1, 2, and 3, and were stained with o-tolidine and
H,0, for heme detection.
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Fig. 8. Respiratory pathways in a
thermophilic Bacillus. The H*/2e”
stoichiometry of each respiratory com-
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plex is tentatively indicated. Most, if
not all, of NADH dehydrogenase is non-
H* pumping (23). The most susceptible
portions as to cyanide, p-benzoquinone,
and HOQNO are indicated (). MK-7,
menaquinone-7; dh, dehydrogenase;
cyt, cytochrome.
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determined to be 4 pM (not shown). These kinetics with
cytochrome ¢-551 and inhibition by cyanide of TMPD oxida-
tion by the present cytochrome bo, preparation are very
gimilar to the data for the enzyme from K17, as reported
previously (13). This cytochrome c-551-dependent TMPD
oxidation had another characteristics, it i8 greatly stimu-
lated by a high ionic strength of the medium, as reported
previously (13).

DISCUSSION

We obtained a unique mutant, K17q8, which uses SoxB-
type bo, as the main terminal oxidase, i.e. as much as 0.18
nmol/mg membrane protein. To isolate this mutant, the fol-
lowing different characteristics as to inhibitor sensitivity of
the two terminal oxidases were successfully used; bd-type
quinol oxidase is susceptible to p-benzoquinone (12), and
SoxB-type cytochrome bo, is inhibitable with a very low
concentration of cyanide (13, 23). This K17q8 mutant
shows an H*/O ratio of about 5 (Fig. 2), i.e. slightly lower
than that of K1041, the parental wild-type B. stearothermo-
philus, but higher than that of K17, which mainly uses the
bd-type quinol oxidase (23). The cell yield of K17¢8 was
between those of K1041 and K17 (Fig. 1). The cell yield
should be dependent on the H*/O ratio, when the H*/ATP
ratio of ATP synthase is constant. The fact that the H*/O
ratio of K17q8 was lower than that of K1041 could be
explained by that either the H*/O ratio of cytochrome bo, is
lower than that of cytochrome caa,, or that cytochrome c-
551 is not reduced by the Q-cycling cytochrome b, com-
plex (27, 28) in K17g8. The former possibility is favored by
the facts that the H*/O ratio coupled to TMPD oxidation of
K17q8 is lower than that of K1041 (Fig. 2B), and that the
NADH oxidation of K17¢8 is inhibited by HOQNO, as that
of K1041 is (Fig. 4). It is also noteworthy that T! thermophi-
lus cytochrome ba, pumps H*, but less efficiently (21). Thus
at least qualitatively, K17q8 oxidizes NADH through
NADH dehydrogenase, menaquinol, the cytochrome bg,
complex, cytochrome c¢-551, and bo,-type cytochrome ¢ oxi-
dase.

Figure 8 shows the respiratory chain of B. stearothermo-
philus, which contains at least three terminal oxidases;
caa,-type cytochrome ¢ oxidase, bd-type quinol oxidase, and
bo,-type cytochrome c-551 oxidase. Corresponding to these
three terminal oxidases, there might be three branches for
the oxidization of menaquinol. Branch 1 operates in the
wild type cells and should show a H*/O ratio of over 6, if
the cytochrome by, complex and caa,-type cytochrome c
oxidase translocate 4H*/2e~ and 2-3 H*/2e", respectively,
which explains most part of the experimentally obtained
H*/O ratio for the wild type cells. Branch 2 (bd-type quinol
oxidase) operates in K-17 as the main pathway, as well as
in the wild-type cells as a relatively CN-tolerant minor
pathway. The H*/O ratio of this branch should be 2.0, be-
cause bd-type oxidase has been shown only to translocate
chemical protons, i.e. it does not pump vectorial protons, in
E. coli (17). Branch 3, composed of the cytochrome b, com-
plex, cytochrome ¢-551 and boy-type cytochrome ¢ oxidase,
operates in K17q8 as the main pathway, and also operates
in K17 as an alternative O, sink besides Branch 2. The H*/
O ratio of K17q8 cells was about 5, indicating that bo,-type
cytochrome oxidase is an H*-pump, but suggesting that its
efficiency is lower than that of the SoxM-type enzyme. It
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was of interest to determine the H*/O ratio of cytochrome
bo,, since the amino acid sequence deduced from DNA indi-
cates that several residues of b(o/a), subunit I, claimed to
be important for SoxM-type oxidases to translocate H*
across the membrane, are not conserved (7). The obtained
H*/O ratio was about half of the value usually observed for
SoxM-type oxidases, if quinol-cytochrome ¢ reductase trans-
locates 4H*/2e".

The physiological meaning of the SoxB-type alternative
oxidase remains to be determined. Three types of alterna-
tive oxidases are known to operate under microaerobic con-
ditions; cytochrome bd, cytochrome cbb,, and SoxB-type ox-
idase. Cytochrome bd-type quinol oxidase can utilize O, at
very low concentrations in many eubacteria, but does not
pump H* (14). Alpha proteobacteria such as rhizobia and
photosynthetic bacteria and Helicobacter pylori belonging
to the epsilon group contain cbb,-type cytochrome ¢ oxidase
under microaerobic conditions as the alternative terminal
oxidase (1, 2, 30). Only two eubacteria, both of which are
thermophilic, are known to have SoxB-type cytochrome ¢
oxidase, while several aerophilic archaebacteria contain
SoxB-type quinol oxidase (4, 5). It is tempting to speculate
that thermophiles, which are apt to dwell under microaero-
bic conditions due to the low O, solubility, retain the ability
to biosynthesize SoxB-type cytochrome ¢ oxidase with a
very low K for O,, which oxidizes cytochrome ¢ with con-
comitant H* translocation, even if its efficiency is lower
than that of the SoxM-type. We found that the K of the
present enzyme is below 0.5 pM, as for the H. pylori cbb,-
type oxidase (30). At least K17¢8 is able to grow well, indi-
cating that the respiratory chain with cytochrome bo,
works well under the present culture conditions.

Another interesting point about this enzyme is that the
subunit I amino acid sequences of SoxB-type oxidases are
different from those of SoxM-type enzymes, whose amino
acid residues in the hydrophobic region supposed to consti-
tute the H* pathway (D and K channels) across the mem-
branes are not conserved, whereas all amino acid residues
ligating the metal centers are conserved (7). It is thus likely
that these structural features of SoxB-type oxidases may be
the structural basis of their lower H*/O ratios.

REFERENCES

1. Van der Oost, J., de Boer, A PN, de Gier, J-W.L., Zumft, W.G.,
Stouthamer, A.H., and van Spanning, R.J.M. (1994) The heme-
copper oxidase family consists of three distinct types of termi-
nal oxidases and is related to nitric oxide reductase. FEMS
Microbiol. Lett. 121, 1-10

2. Garcia-Horsman, J.A., Barquera, B., Rumbley, J., Ma, J., and
Gennis, R.B. (1994) The superfamily of heme-copper respira-
tory oxidase. J. Bacteriol. 176, 55875600

3. Castresana, J., Lubben, M., Saraste, M., and Higgins, D.G.
(1994) Evolution of cytochrome oxidase, an enzyme older than
atmospheric oxygen. EMBO J. 13, 25162525

4. Liibben, M. (1995) Cytochromes of archaeal electron transfer
chains. Biochim. Biophys. Acta 1229, 1-22

5. Schifer, G., Purschke, W.G., and Schmidt, C.L. (1996) On the
origin of respiration: electron transport proteins from archaea
to man. FEMS Microbiol. Rev. 18, 173-188

6. Keightley, JA., Zimmermann, B.H., Mather, M.W,, Springer, P,
Pastuszyn, A., Lawrence, D.M., and Fee, J.A. (1995) Molecular
genetic and protein chemical characterization of the cyto-
chrome ba, from Thermus thermophillus HB8. J. Biol. Chem.
270, 2034520358

7. Nikaido, K., Sakamoto, J., Handa, Y., and Sone, N. (1998) The

J. Biochem.

2102 ‘T %0010 uo Aisieniun Bued e /Hlo'sjeulnolpioxo-qly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

SoxB-Type Cytochrome bo, Oxidase of Bacillus

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

cbaAB genes for bo,-type cytochrome ¢ oxidase in Bacillus
stearothermophilus Biochim. Biophys. Acta 1397, 262-267

. Sone, N. and Yanagita, Y. (1982) A cytochrome aa,-type termi-

nal oxidase of a thermophilic bacterium purification, properties
and proton pumping. Biochim. Biophys. Acta 682, 216226

. Ishizuka, M., Machida, K., Shimada, S., Mogi, A., Tsuchiya, T,

Ohmori, T, Souma, Y., Gonda, M., and Sone, N. (1990) Nucle-
otide sequences of the genes coding for four subunits of cyto-
chrome ¢ oxidase from the thermophilic bacterium PS3. J. Bio-
chem. 108, 866-873

Kusano, T, Kuge, S., Sakamoto, J., Noguchi, S., and Sone, N.
(1996) Nucleotide and amino acid sequences for cytochrome
caag-type oxidase of Bacillus stearothermophilus K1041 and
non-Michaelis-type kinetics with cytochrome c¢. Biochim. Bio-
phys. Acta 1278, 129-138

Sakamoto, J., Matsumoto, A., Oobuchi, K., and Sone, N. (1996)
Cytochrome bd-type quinol oxidase in a mutant of Bacillus
stearothermophilus deficient in caa,-type cytochrome ¢ oxidase.
FEMS Microbiol. Lett. 148, 151-158

Sakamoto, J., Koga, T., Mizuta, T, Sato, C., Noguchi, S., and
Sone, N. (1999) Gene structure and quinol oxidase activity of a
cytochrome bd-type oxidase from Bacillus stearothermophilus.
Biochim. Biwophys. Acta 1411, 147-158

Sakamoto, J., Handa, Y., and Sone, N. (1997) A novel cyto-
chrome b(o/a);-type oxidase from Bacillus stearothermophilus
catalyzes cytochrome ¢-551 oxidation. JJ. Biochem. 122, 764-771
Junemann, S. (1997) Cytochrome bd terminal oxidase. Biochim.
Biophys. Acta 1321, 107-127

Mogi, T, Tsubaki, M., Hori, H., Miyoshi, H., Nakamura, H., and
Anraku, Y. (1998) Two terminal oxidase families in Escherichia
coli: Variations on molecular machinery for dioxygen reduction.
J. Biochem. Med. Biol. Biophys. 2, 79-110

Sone, N., Kutoh, E., and Yanagita, Y. (1989) Cytochrome c-551
from the thermophilic bacterium PS3. Biochim. Biophys. Acta
1977, 329-334

Fujiwara, Y., Oka, M., Hamamoto, T., and Sone, N. (1993) Cyto-
chrome ¢-551 of the thermophilic bacterium PS3, DNA se-
quence and the mature cytochrome. Biochim. Biophys Acta
1144, 213-219

Gennis, R.B. (1998) Multiple proton-conducting pathways in
cytochrome oxidase and a proposed role for the active-site tyro-
sine. Biochim. Biophys Acta 1365, 241-248

Hon-nami, K. and Oshima, T. (1977) Purification and some
properties of cytochrome ¢-552 from an extreme thermophile

Vol. 127, No. 4, 2000

20.

21.

23.

25.

26.

27.

28.

29.

30.

557

HB8. Biochem. Biophys. Res. Commun. 92, 10231029

Than, M.E., Hof, P.,, Huber, R., Bourenkov, G.P, Bartunik, H.D.,
Buse, G., and Saulimane, T. (1997) Thermus thermophilus: cyto-
chrome ¢-552: a new highly thermostable cytochrome ¢ ob-
tained by MAD phasing. J. Mol. Biol. 271, 629-644

Kannt, A, Soulimane, T, Buse, G., Becker, A., Bamberg, E., and
Michel, H. (1998) Electrical current generation and proton
pumping catalyzed by the ba,-type cytochrome ¢ oxidase from
Thermus thermophilus. FEBS Lett. 4834, 17-22

. Noguchi, S., Yamazaki, T, Yaginuma, A., Sakamoto, J., and

Sone, N. (1994) Over-expression of membrane-bound cyto-
chrome ¢-551 from thermophilic Bacillus PS3 in Bacillus
stearothermophilus K1041. Biochim. Biophys Acta 1188, 302—
310

Sone, N., Tsukita, S., and Sakamoto, J. (1999) Direct correla-
tionship between proton translocation and growth yield: an
analysis of the respiratory chain of Baculus stearothermophi-
lus. J. Biosci. Bioeng. 87, 495-499

. Sato-Watanabe, M., Mogi, T., Miyoshi, H., Iwamura, H., Matsu-

shita, K., Adachi, O., and Anraku, Y. (1994) Structure-function
studies on the ubiquinol oxidation site of the cytochrome bo
complex from Escherichia colt using p-benzoquinones and sub-
stituted phenols. J. Biol. Chem. 269, 28899-28907

Kita, K., Konishi, K., and Anraku, Y. (1984) Terminal oxidases
of Escherichia coli aerobic respiratory chain. II. Purification
and properties of cytochrome bgy-d complex from cells grown
with limited oxygen and evidence of branched electron-carrying
systems. J. Biol. Chem. 259, 3375-3381

Jones, C.W., Brice, JM., Downs, A.J,, and Drozd, JW. (1975)
Bacterial respiration-linked proton translocation and its rela-
tionship to respiratory chain composition. Eur. J. Biochem. 62,
265-271

Kutoh, E. and Sone, N. (1988) Quinol-cytochrome ¢ oxidoreduc-
tase from the thermophilic bacterium PS3. Purification and
properties of a cytochrome bc,(byf) complex. J. Biol. Chem. 283,
9020-9026

Trumpower, B. (1990) The protonmotive Q cycle. . Biol. Chemn.
266, 15644-15649

Sone, N. and Fyjiwara, Y. (1991) Haem O can replace haem A
in the active site of cytochrome ¢ oxidase from thermophilic
bacterium PS3. FEBS Lett. 288, 154-158

Nagata, K., Tsukita, S., Tamura, T., and Sone, N. (1996) A cb-
type cytochrome c oxidase terminates respiratory chain in Heli-
cobacter pylori. Microbiology 142, 1757-1763

2102 ‘T $00q0100 uo A1sieniun Bunped e /Biosfeulnolpioixo-qly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

